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Abstract
In electronic packaging lead–tin alloy is frequently used to joint electronic components. For the for-
mation of solder joint, lead–tin alloy usually undergoes a reﬂow process which includes spreading, re-
melting, and then solidiﬁcation of the alloy. Therefore, the properties of lead–tin alloy solder joint and in
turn the success of electronic packaging will be signiﬁcantly aﬀected by the reﬂow process. In this study,
solidiﬁcation heat-transfer analysis is conducted for a auto-rectiﬁer to obtain the temperature distribution
and variation of the lead–tin alloy as well as the whole electronic part during the reﬂow process. Explicit
ﬁnite diﬀerence method is employed to conduct the solidiﬁcation simulation for the reﬂow process. First a
solid model for analysis is constructed based on the actual shape and size of the electronic component
including the solder joints. Then the model is meshed for the subsequent numerical analysis. The next step is
to investigate all possible heat-transfer mechanisms. All the heats to be extracted and relevant heat-transfer
mechanisms are considered in the solidiﬁcation model to calculate for the temperature distribution and
variation of the lead–tin alloy solder joints during the reﬂow process. Temperature measurement at one
particular location of the auto-rectiﬁer is conducted during the whole reﬂow process in an actual pro-
duction line. The calculated temperature for the same position is then compared to the measurement and
satisfactory consistency is found. Then a shrinkage criterion is also used to quantitatively predict the extent
of shrinkage formation in the solder joints.
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1. Introduction
In the process of electronics packaging, soldering technique is frequently used. In soldering,
solder alloy is primarily used as the adhesive material to form joints. It is meant to joint chip and/
or chip module with substrate to ﬁx electronic components and/or to form interconnections. If
any segment in the system has problem, the information in the circuit system may not be normally
delivered, and then the electronic component or the whole equipment loses its function. Therefore,
the solder joint plays a very signiﬁcant role in the performance of the system.
When a solder joint is formed the solder paste, which is made of powders of the solder alloy,
solvent, and ﬂuxes, is heated, melted, driven to ﬂow, and then resolidiﬁed during a reﬂow process.
A number of factors such as the quality of solder paste (including solder powder and ﬂuxes),
coated metallization layer, reﬂow temperature may aﬀect the quality of the solder joint. Failure in
the solder joint may make the electronic components to lose their functions. The service life and
reliability of the component is thus shortened. It is then important to avoid solder joint to form
defects during the reﬂow process.
One of the main causes for failure in solder joint is thermal fatigue. Thermal fatigue is usually
initiated from the intermetallic compounds formed at the solder/dice (chip) and solder/slug (lead
frame) interfaces due to the concentration of internal stress in these phases. The intermetallic
compounds are formed due to the diﬀusion of Cu from the lead frame and/or Ni from the me-
tallization layer to the solder joint and form compounds with Sn in the solder. The problem of
intermetallic compound worsens when the interface is under higher temperature for a longer
period of time. The other main responsible defect is shrinkage porosity. It is known that the solder
alloy shrinks as it solidiﬁes. Therefore, when the ﬁrst area of the solder solidiﬁes, the remaining
liquid area will ﬂow to feed the shrinkage. It is then not diﬃcult to imagine that the last area to be
solidiﬁed; usually at the center of the solder joint, will form a shrinkage hole. However, depending
on the cooling rate, thermal gradient, and feeding characteristics, the shrinkage porosity can be a
big hole at the center, which is very detrimental to the solder joint. Or it can be relatively small
shrinkage porosity evenly dispersed in the solder, which may be more acceptable. To alleviate the
problem of shrinkage porosity, it is then necessary to understand quantitatively the solidiﬁcation
phenomena of the joint and be able to assess the characteristics of shrinkage porosity formed
during the reﬂow process so that the thermal behavior; temperature distribution and variation, of
the solder joint during the reﬂow process can be properly controlled by adjusting the temperature
proﬁle of the reﬂow process. Since the experimental measurements in the solder joint are ex-
tremely diﬃcult and expensive, it is then very desirable to apply mathematical model to simulate
the solidiﬁcation phenomena of the solder joint and evaluate the characteristics of shrinkage
porosity formed during the reﬂow process.
Solder joints may have a number of diﬀerent forms in electronic packaging depending on the
performance requirements. The joints may have the shape of a ball/bump such as in ball grid array
soldering. Or they may be in the shape of a plate, which is the case considered in this study. Mui
et al. investigated the forming process of the solder joints [1]. Pfeifer studied the shape and di-
mension of the joint [2]. Rice tried to predict the performance life of the solder joints [3, Laus
paper]. Dudek et al. investigated the microstructure of the joints other than trying to predict their
life [4]. Bhatti et al. studied the factors that may be related to creep [5]. Sarihan considered the
stress cracking problem of the joints under thermal cycling. These literatures are, however, mainly
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addressing the issues considering the ball shape solder joints. For plate shape solder joints,
Badgley studied the problem of thermal fatigue fracture [6]. Akay et al. tried to predict the solder
joint life with thermal and stress analyses [7].
In this study, a mathematical model is developed to conduct the solidiﬁcation heat-transfer
analysis for the solder joint. All the heats to be extracted from the system and all the relevant heat-
transfer mechanisms are considered in the solidiﬁcation model. It is then tested on a particular
electronic component to obtain the temperature distribution and variation of the lead–tin alloy as
well as the whole electronic part during the reﬂow process. The simulated thermal history is
subsequently compared to the actual temperature measurement in an actual production line to
verify the reliability of the mathematical model. A shrinkage criterion is also used to quantita-
tively predict the extent of shrinkage formation in the solder joint.
2. System description
In this study, 95Pb–5Sn alloy is used as the solder alloy to connect chip and lead frames in an
auto-rectiﬁer as shown in Fig. 1. In Fig. 2, the solder paste is applied on the bottom and top of the
chip. The solder joint on top of the chip is called the top solder while the solder joint below the
chip is the bottom solder. The use of top solder and bottom solder is not only to ﬁx the chip with
the lead frames but also to form electrically conductive connections between the chip and lead
frames.
The processing procedures of the reﬂow process can be described as follows. The solder paste is
ﬁrst applied on designated areas of the lead frame (bottom slug) which is coated with certain
metallization layers. The chip (dice) is placed on top of the paste. The solder paste is again applied
on top of the dice. Then the top slug which is coated with certain metallization layers is placed on
top of the solder paste. The components are then placed on a stainless steel plate which is then put
on a conveying belt of the reﬂow furnace. Underneath the stainless steel plate, it has heaters or
Fig. 1. The actual shape and size of the auto-rectiﬁer (the gray parts are solder paste).
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cooling pipes to heat up or cool down the plate in the various zones of the furnace. A typical
temperature proﬁle of the plate is demonstrated in Fig. 3.
The reﬂow process can be divided into four stages. They are preheat, preﬂow, reﬂow and
cooling stages. The ﬁrst three stages aim to gradually heat up the solder paste, get rid of solvent in
the paste, melt the metal powder, and induce the molten metal to ﬂow and ﬁll the gaps. The gaps
are between the dice and the bottom slug as well as the top slug. The fourth stage is to solidify the
molten metal to obtain solid joints between the dice and the two slugs.
The solidiﬁcation model in this study takes the condition of the electronic component at the end
of the third stage; the reﬂow stages, as the initial condition. It then conducts solidiﬁcation heat-
transfer analysis for the whole component including the two joints for the ﬁnal cooling stage. The
main objective is to obtain the temperature distribution and variation in the solder joints during
the cooling stage and to evaluate the soundness of the joints as far as their microstructure such as
the occurrence of the shrinkage porosity is concerned.
Solder Paste Site  
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Leadframe  
Solder Paste Site  
Fig. 2. A schematic illustration of the solder joint sites between chip and leadframe.
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Fig. 3. A schematic illustration of the temperature proﬁle in a reﬂow process.
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3. Mathematical model
To conduct the solidiﬁcation heat-transfer analysis for the electronic component, including the
solder joints, during the cooling stage of the reﬂow process, three steps have to be taken. They are
the pre-processing, solidiﬁcation heat-transfer analysis, and post-processing steps.
3.1. Pre-processing step
First, the solid model of the electronic component, including its shape and dimension, has to be
constructed on the computer. Then the solid needs to be divided into a mesh system for the
numerical analysis to be conducted. Since the heat-transfer analysis in this study employs the
explicit ﬁnite diﬀerent method, the mesh system generated needs to be a ﬁnite diﬀerence mesh
system which is composed of a large number of rectangular blocks. Every element in the mesh
system may not consist of more than one material, which will cause problems in the analysis.
It is known that the solder joints are very thin compared to other parts of the electronic
component. However, to meaningfully investigate the solidiﬁcation behavior of the solder joints,
the solder joints need to be sliced further into a number of layers. This makes the heights of the
solder elements even smaller. This means either the number of elements in the mesh system has to
be very large or the solder elements have to have high aspect ratio. Certain problems arise either
way the mesh system is generated.
As the appropriate mesh system is obtained, each and every element is designated with its
corresponding material, solder, dice, or copper for top slug and bottom slug. Then the thermal
and physical properties of the materials such as density, thermal conductivity, speciﬁc heat, latent
heat, and so forth have to be entered.
3.2. Solidiﬁcation heat-transfer analysis
The main concern in this study is to simulate the temperature distribution and variation of the
solder joint during the cooling stage of the reﬂow process. There are two major mechanisms for
the heat of the electronic component to be extracted. One is the extraction of heat through
conduction to the chill plate. The other is to lose heat through convection to its cooler envi-
ronment. The governing diﬀerential equations of these two heat-transfer mechanisms are de-
scribed as follows.
(1) Conductive heat-transfer equation
q
* ¼ krT ð1Þ
k: thermal conductivity, J/sm2 C
(2) Convective heat-transfer equation
q ¼ hAðT  T1Þ ð2Þ
h: heat-transfer coeﬃcient for convection, J/sm2 C; A: surface area, m2; T1: atmosphere tem-
perature, C.
To calculate for the temperature change for each and every element, the principle of enthalpy
conservation is applied. The procedure is to calculate the amount of heat exchange of the
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concerned element with all its six neighbors, either by conduction or by convection. The tem-
perature change can then be calculated based on the net amount of enthalpy gain (or loss).
One extra item to be considered is how to take care of the latent heat of the molten solder,
which is to be released when the solder alloy falls into the mushy range where solid phase and
liquid phase co-exist. An eﬀective speciﬁc heat is employed in this study to take this into con-
sideration [8].
Cp ¼ Cp  L
dfS
dT
 
ð3Þ
Cð1Þp : eﬀective speciﬁc heat, J/g C; Cp: speciﬁc heat of the solder alloy, J/g C; L: latent heat of the
solder alloy, J/g; Fs: fraction of solid.
As shown in the above equation, the relation between solid fraction and temperature in the
mushy range needs to be known. Usually this relation would have to be determined by certain
measurement techniques such as CA-CCA technique [9,10]. In this study, a linear mode is applied
for the solder alloy. The latent heat is assumed to release linearly between the liquidus temper-
ature, Tl and the solidus temperature, Ts as shown in the following equation [11].
fS ¼ Tl  TTl  Ts ; Ts6 T 6 Tl ð4Þ
Two sets of boundary conditions are assigned in the mathematical system. One is at the chill
plate and the temperature of the chill plate is prescribed in accordance with the actual processing
condition. The other is to set the temperature of the atmosphere and the heat in the electronic part
is extracted through convection to the atmosphere.
3.3. Post-processing step
In this step, the simulated results are to be displayed on the computer screen mainly by using
computer graphics. In this study, the temperature distribution and variation of the solder joints
are the primary concerns. Therefore, these thermal data of the solder joints are displayed by color
contour plots after simulations are completed.
As described above that one of the main defects to be concerned here is the shrinkage porosity
in the solder joints. It is then very desirable to be able to display directly the situation of the
shrinkage porosity formed in various locations of the solder joints. In this study, the Niyama
Criterion [12,13] is employed to asses the susceptibility of shrinkage porosity formation. With
Niyama Criterion, smaller G=
ﬃﬃﬃ
R
p
means more vulnerable to porosity formation. Therefore, color
contours are also used to demonstrate the distribution of the G=
ﬃﬃﬃ
R
p
values in the solder joints.
4. Results and discussion
In this study, a solder paste made of 95Pb–5Sn alloy is used to connect chip and lead frame in
an auto-rectiﬁer as shown in Fig. 1. The solder joints exist between lead frame and dice and
between dice and top slug. They are both 4.115 mm	 4.115 mm in the cross section and 0.0254
mm in thickness. The volume of each solder joint is then 5.165 mm3. With the density of the solder
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alloy being 11.0	 103 kg/m3, the mass of each solder joint is 0.05682 g. With the latent heat of
the solder alloy being 2.4971	 104 J/kg, the latent heat to be extracted from each solder joint is
1.4187 J.
4.1. Pre-processing of the system
In Fig. 1, the part represents the silicon chip. The two blue parts are the solder joints and the
rest of the component is copper. A solid model is ﬁrst created as shown in Fig. 4 to represent the
shape and dimension of the component. Then meshing is conducted to generate a ﬁnite diﬀerence
mesh system as show in Fig. 5. The element size is 100	 90	 58. The total number of elements is
522,000. As for the solder joints, they are divided into ﬁve layers in z direction for both top solder
and bottom solder. The mesh system has the 25th layer to 29th layer for the bottom solder and the
32nd layer to 36th layer for the top solder.
Then all the elements are designated with their corresponding materials. The material of the
element can be silicon for dice, 95Pb–5Sn alloy for solder, and copper for lead frame including top
slug and bottom slug. The relevant thermal and physical properties of the materials are listed in
Table 1.
Fig. 4. The solid model constructed for the auto-rectiﬁer.
Fig. 5. The ﬁnite diﬀerence mesh system (100	 90	 58) for the numerical analysis of the auto-rectiﬁer.
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Table 1
Thermal and physical properties used in the numerical analysis
(1) Silicon (Si)
Density
Temperature, C Density, 	103 kg/m3
25 2.3290
127 2.3269
427 2.3192
Speciﬁc heat and thermal conductivity
Temperature, K Speciﬁc heat, kJ/kgK Thermal conductivity, W/mK
200 0.557 266
300 0.713 156
400 0.785 105
500 0.832 80
600 0.849 64
700 0.866 52
(2) Copper (Cu)
Density: 8.93	 103 kg/m3 at 293 K
Speciﬁc heat: 0.386 kJ/kgK at 293 K
Thermal conductivity
Temperature, K Thermal conductivity, W/mK
300 398
350 394
400 392
500 388
600 383
700 377
(3) 95Pb–5Sn
Liquidus temperature: 312 C
Solidus temperature: 305 C
Density: 11.0	 103 kg/m3
Latent heat: 2.4971	 104 J/kg
Thermal conductivity
Temperature, K Thermal conductivity, W/mK
T 5 100 35.098
100 < T 5 200 33.7
200 < T 5 250 30.13
250 < T 5 300 25.38
300 < T 5 400 19.443
Speciﬁc heat
Temperature, C Speciﬁc heat, kJ/kgK
T 5 25 0.1334
25 < T 5 127 0.1376
127 < T 5 227 0.1432
227 < T 5 327 0.1478
327 < T 5 427 0.1520
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As the initial condition of the system, all parts of the electronic component are assumed to be at
an uniform temperature of the reﬂow temperature, 354 C, before it is cooled. The atmosphere
temperature in the reﬂow furnace in the cooling section is maintained at 153.8 C and the tem-
perature of the chill plate is set to be 82 C. The processing parameters of the system needed for
the simulations are listed in Table 2.
4.2. Simulated result and its validation
As the conditions of the electronic system are fully described, solidiﬁcation heat-transfer
analysis is then conducted. It takes about 18 h for a PentiumII-350 personal computer to complete
the analysis. The surface temperature contours of the electronic component for three (5.25, 5.88,
7.98 s) instants during the cooling stage are shown in Figs. 6–8.
Numerical simulations need to be validated before the simulated results can be further utilized
to investigate the concerned phenomena. For the auto-rectiﬁer, experiments are also conducted to
measure the thermal phenomena. It would be most desirable to measure the temperature con-
ditions in the solder joints. However, the solder joint is very small and very thin (4.115
mm	 4.115 mm	 0.0254 mm) compared to the auto-rectiﬁer. It is extremely diﬃcult to insert
thermocouple(s) in the solder joint. After thorough discussions with the research engineers of the
cooperated company, it is decided that a thermocouple should be placed on the top surface of the
bottom slug as shown in Fig. 9. The temperature at that location is aﬀected by convection with
Table 2
Processing parameters of the system
Reﬂow temperature (C) 354
Atmosphere temperature (C) 153.8
Chill temperature (C) 82
Convective thermal-transfer coeﬃcient (J/sm2 C) 35.53
Fig. 6. The surface temperature contour of the auto-rectiﬁer at 5.2501 s in the cooling stage.
Y.-F. Chiu et al. / Appl. Math. Modelling 27 (2003) 565–579 573
the atmosphere as well as by conduction through the lead frame, which is in turn inﬂuenced by the
solidiﬁcation behavior of the solder joint. The temperature variation is recorded for the cooling
stage. The measured temperature data is then compared to the simulated result. As can be seen in
Fig. 10, the consistency is rather satisfactory.
Numerical models usually need to be veriﬁed to be grid-independent. After the previous sim-
ulation, the auto-rectiﬁer part is again remeshed into a ﬁner grid system. The solidiﬁcation heat-
transfer simulation is then conducted. The temperature at the thermocouple location is again
recorded and compared to the previous result as well as the measurement. It can be seen from Fig.
10 that the results obtained from the ﬁner mesh system is very close to that of the coarse one and
both results match the measurement rather well.
Fig. 7. The surface temperature contour of the auto-rectiﬁer at 5.88 s in the cooling stage.
Fig. 8. The surface temperature contour of the auto-rectiﬁer 7.9801 s in the cooling stage.
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4.3. Temperature distribution and variation in the solder joints
The simulated results show that it takes about 7 s for the bottom solder to completely solidify
and about 9 s for the top one. Several instants at 5.2501, 5.88, 7.9801 s after the start of the
cooling stage are selected to show the temperature contours of the various solder layers in the
bottom joint and the top joint. From Figs. 11–14, it is rather obvious that upper layers cool slower
than the lower ones and top solder also cools slower than the bottom solder. For each solder
layer, solidiﬁcation starts at the edge and proceeds towards the center. If the temperature contours
are examined in the vertical sections (y–z plane and x–z plane) as shown in Figs. 15 and 16, it is
rather obvious that the conduction heat-transfer mechanism is much more dominant than the
convective heat transfer from the component to the atmosphere.
   Thermocouple  
Fig. 9. Location of the thermocouple placed on the auto-rectiﬁer to measure the temperature variation during the
reﬂow process.
Fig. 10. Comparison of the calculated temperature proﬁles with the measurement for a particular location on the top
surface of the leadframe, where temperature measurement is conducted.
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4.4. Shrinkage porosity formation
For shrinkage porosity in the solder joint to be the major concern in this study, it should be
stressed that it extremely diﬃcult to quantitatively predict the extent of porosity formation in
lead–tin solder joints at the present stage. The mathematical model should be used as a tool for
process optimization rather than prediction. It means that solidiﬁcation heat-transfer simulations
can compare two processing conditions and suggest which one is better as far as the shrinkage
porosity is concerned. It can not, however, quantitatively predict how serious the shrinkage po-
rosity is for the speciﬁc processing condition.
In this study, the Niyama criterion is used to evaluate the susceptibility of the formation of the
shrinkage porosity. The G=
ﬃﬃﬃ
R
p
contours of the various solder layers are shown in Fig. 17. Again, it
Fig. 11. The temperature contours for various layers of the bottom solder and top solder at time ¼ 5.2501 s.
Fig. 12. The temperature contours for various layers of the bottom solder and top solder at time ¼ 5.88 s.
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shows that the top layers of the solder joints are more susceptible to porosity formation than the
bottom layers and the top solder is more susceptible than the bottom solder.
5. Summary
In this study, a mathematical model has been developed to conduct the solidiﬁcation heat-
transfer analysis to evaluate the soundness of solder joints in an electronic component. The nu-
merical simulation can reveal the thermal history of the electronic component during the reﬂow
process. The thermal data can be utilized for a variety of investigations to the thermal behavior of
Fig. 13. The temperature contours for various layers of the bottom solder and top solder at time ¼ 7.9801 s.
Fig. 14. The temperature contours for various layers of the bottom solder and top solder at time ¼ 8.8215 s.
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Fig. 15. The temperature contours for the vertical section (the y–z plate) of the solder joint at several instants.
Fig. 17. The distribution of shrinkage index.
Fig. 16. The temperature contours for the vertical section (the x–z plate) of the solder joint at several instants.
578 Y.-F. Chiu et al. / Appl. Math. Modelling 27 (2003) 565–579
the electronic component, including the solder joints. The simulated results show that the con-
duction heat transfer through the bottom chill plate is a more dominant mechanism than the
mechanism of convection heat transfer to the environment.
The main concern for structure soundness of the joints is the shrinkage porosity due to in-
suﬃcient feeding for shrinkage due to solidiﬁcation of lead–tin alloy. As for the shrinkage po-
rosity formation, the simulated results show that the upper portion is more susceptible than the
lower portion in the solder joints. And the top solder is more susceptible to form shrinkage po-
rosity than the bottom solder.
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